Possible locations for the sources of the low-degree gravity harmonics are examined in the context of the interrelationships of the geogravity field with the geomagnetic field and its drifting and non-drifting parts as well as certain other geophysical controls. The available evidence does not support the westward drift of the gravity field. The hypothesis that the upper mantle is the most probable location for a bulk of the mass anomalies which produce the low-degree gravity harmonics, seems to be most acceptable at this stage of our knowledge. A bulk of the mass anomalies is believed to be generated by lateral compositional and thermal variations in the asthenosphere. These variations also seem to be responsible for a major part of the observed correlation between the geogravity field and the geomagnetic secular variations by dint of their property of affecting both the density and electrical conductivity of materials. Lateral heterogeneities of the asthenosphere seem to be closely associated with relative motions in the asthenosphere and seem to play an important role in the tectonic model which explains continental drift as a result of sea-floor spreading.
Introduction
The problem of the inversion of geophysical data to define a planetary model that meets all the boundary conditions stipulated by the available geophysical information is still largely unsolved (see, for example, Runcorn [ed. ], 1967; Khan & Woollard, 1970) . However, the improved satellite determinations of the geogravity field, in conjunction with other geophysical parameters, have made significant contributions in our knowledge of the internal structures of the Earth. The current thought can more or less be polarized into the following:
1. The low-degree gravity harmonics arise from anomalous mass distribution in the Earth's core.
2. The harmonics are associated with a more or less mantle-wide convection current system.
3. The sources of the harmonics are located in the upper mantle, possibly related to some patterns of relative motion in the asthenosphere which is responsible for the tectonic features of the Earth's surface.
Still another suggestion-that the low-degree gravity harmonics are supported by finite strength of a static mantle-has been losing ground lately because of the recent emergence of overwhelming evidence in favour of sea-floor spreading and its consequent implication of relative motions in the upper mantle.
This paper examines the above hypotheses in the light of new geophysical information and shows the upper mantle as the most probable location for a bulk of the mass anomalies defined by the gross features of the geogravity field.
Anomalous mass distribution in the core
The hypothesis that the non-hydrostatic harmonics in the Earth's external potential are associated with anomalous mass distribution in the core can be verified directly by an analysis of the core-mantle boundary seismic reflections, and indirectly by (i) a study of the relationships of the geogravity field with geophysical parameters generally assumed to originate in the core such as the geomagnetic field and its secular variations, and possibly by (ii) an analysis of the tidal records.
From an analysis of the travel times of the seismic arrivals PcP, ScS, PcS and ScP, Vogel (1960) concluded that the core-mantle boundary has ' topographic irregularities ' (of the order of 10' km) in very much the same sense as the geoid. Subsequent investigations, in particular the analysis of PcP signals (Berg & Kubota 1965; Kogan 1967; Buchbinder 1968) , have indicated that horizontal variations do occur in the properties of the core-mantle boundary. Whereas the scatter of the PcP travel times indicates that elevation differences of over 5 k m or slopes of over 6" do not exist at the core-mantle boundary, the precision of the observations does not permit resclution of irregularities within this range.
The mathematical possibility that the sources of gravity harmonics with n < 11 could lie at the core-mantle boundary was discussed by Cook (1963 Cook ( , 1967 . The implications of these suggestions were emphasized by Egyed (1964) in terms of a strong resemblance between the satellite-determined geoid and the geomagnetic secular variations. But Coode & Runcorn (1965) showed that the improved satellitedetermined geoid (Izsak 1964) indicated no such correlation.
Degree correlation function
This possibility does, however, merit more detailed investigation as it entails several important geophysical implications (Hide 1967; Vogel 1968; Khan and Woollard 1970) . It may be argued that if any two functions are correlated only in a limited frequency range, their composite representations may not show any appreciable correlation because of the superposition of other uncorrelated wavelengths. Hence, one must study correlation as a function of frequency. Let the potential of gravity V,, be written as
The potential of the geomagnetic field, V, , is similarly expressed as The secular variation of the vertical component, Z, is given by equation (4) when g , , and h,, are replaced by their time-derivatives g,, and h,, respectively.
Similarly, the potential of the geomagnetic secular variation, v,, is obtained by substituting g,, and h,, for grim and h,, in equation (3).
The degree correlation between any two functions is obtained by a comparison of their spectra at a given frequency. Thus, the degree correlation function R between the geogravity and geomagnetic fields is where the sign of R, is such that a positive correlation would mean that gravity highs correspond to the geomagnetic vertical component highs and vice versa. The degree correlation R, (V8, Vm), between the gravity and the geomagnetic secular variation, is obtained by replacing the geomagnetic coefficients gnm and h,, in equation (5) by their time-derivatives, g,, and A,,,.
The correlation functions R, (G, V,) Tables 1 and 2 . We will consider here only those features of the degree correlation function which are common to a majority of the solutions given in Tables  1 and 2 , as a particular property appearing in a single solution may merely be a result of the models involved in the solution and not a genuine characteristic of the crosscorrelation function being considered.
Recently, Hide & Malin (1970) have suggested that the correlations between the gravity and magnetic fields can be improved considerably by rotating the magnetic field through X = 160". Let G = (gnmhnm) and a = (a,,P,,) be the spherical harmonic coefficients of the present and past magnetic field. Then the two sets of coefficients are related by
where r(-mA) is a usual rotation matrix (see, for example, Brouwer & Clemence
1961
) and X is the eastward rotation of the present magnetic field. However, there seem to be certain statistical problems of rotating one function relative to another in computing the correlations but these will be discussed elsewhere (Khan 1971) . observed C20 for computing the gravity anomalies. Also see Table 2 .
Correlations of the second harmonic components Table 2 , Part C. Inasmuch as the reference figure selected for the gravity field is not likely to make any appreciable difference in the second component of the geomagnetic secular variations, the fact that the flattening of the real earth (determined from satellite data) is greater than the flattening of the equilibrium figure (see, for example, Jeffreys 1963; Khan 1969) of the Earth but is smaller than the flattening of the international reference ellipsoid by an almost similar amount may explain these relationships. Another explanation is that the anomalous part of the second geopotential coefficient (with respect to the preferred reference figure) may be produced by a second degree harmonic undulation at the core-mantle boundary. 
Significance of correlation of third and higher components
The positive correlation at n = 3 and n = 4 in Table 1 has rather small amplitude but is more prominent in Table 2 which relates the gravity to the geomagnetic secular variations. This is seen far more clearly in Figs 1 and 2 which show a striking similarity. Note that the geoid used by Vogel(l960) and Egyed (1964) was represented primarily by the harmonics through n = 4 while that used by Coode & Runcorn (1965) was defined to a higher degree. Hide (1967) has pointed out that, because of the Earth's rotation, mild horizontal temperature gradients and low-amplitude, horizontally extensive topographical features at the core-mantle boundary may produce considerable effect on fluid motion patterns in the core which may, in turn, be noticeable in the surface geomagnetic field. Khan & Woollard (1970) have shown that if the mass anomalies stem from the geometrical distortion of the core-mantle boundary, the maximum amplitudes of the undulations required to produce the observed geopotential harmonics need only be of the order of 1 to 2 km. On the other hand if mass anomalies arise from anomalous density distribution, the density differences need only be of the order of lo-' g cm-3 if the thickness of the anomalous spherical shell is taken as lOkm, and of the order of l O -' g~r n -~ if the thickness is taken as 100km. As these values are below the limit of resolution of seismic data, further tests must be made to reach relatively more deiinitive conclusions.
Two physical mechanisms are usually suggested for the westward drift of the geomagnetic field. Bullard (1948) has pointed out that a ' loose electromagnetic coupling' between the mantle and the outer core results in a differential rotation between them. This would cause the surface expression of any phenomenon seated at the core-mantle boundary to drift westward on the Earth's surface. Hence, if the mantle does ' slip ' over the core, the gravity harmonics, if located at the coremantle boundary, will be expected to show a westward drift and a strong correlation with the drifting components of the non-dipole geomagnetic field and its secular variations. Hide (1967) , however, has suggested that the westward drift of the geomagnetic field could be due to a slow westward-propagating magnetohydrodynamic wave in the outer core resulting from the ' free hydromagnetic oscillations ' of the core. In this case, as the mantle does not ' slip ' over the core, any ' topographic irregularities ' of the core-mantle boundary, if they exist, would remain stationary with respect to the Earth's surface. Hence, in a simplified model, the appropriate components of the geogravity field could be expected to show a strong correlation with the nondrifting parts of the non-dipole geomagnetic field.
More recently, Hide & Malin (1970) have suggested that the non-dipole geomagnetic field (through n = 4), rotated through an appropriate longitude, has a high correlation with the geogravity field (through n = 4). Let us define the correlation coefficient RN as
where N denotes the maximum n to which En is carried out. The correlation coefficients RN and degree correlation coefficients Rn (equation (5)) are plotted as functions of longitude in Fig. 3 (a) and (b) for the non-dipole and secular variation models of Hurwitz (1970) and a recent geopotential model (Gaposchkin & Lambeck 1970) . Peak values of R N for N = 4 are given by Hide & Malin (1970) for several other models. RN does indeed show a peak correlation at X = 160-165" for the non-dipole field and an almost equally pronounced correlation at X = 200" for the secular variations. It is noteworthy from the plots of Rn that a major part of the correlation is coming from P22, P31, P 3 2 , and P3, components. Hide & Malin (1970) argue that the main features of the drifting part of the non-dipole geomagnetic field were produced, sometimes in the past, by the interactions of fluid motions in the core with topographical irregularities of the core-mantle boundary, these irregularities being responsible for producing the gravity harmonics through n = 4. Hence, the magnetic field must be rotated to be brought in phase with the gravity field. But if this argument is accepted, the gravity field will be expected to show a much stronger correlation with the drifting part of the non-dipole magnetic field. At the same time, similar magnetohydrodynamic interaction at present should result in an equally strong correlation of gravity with the standing part of the non-dipole field as well as the standing part of the secular variations. A test of the above relationships must give a more definite insight into the nature of the correlations.
Relationships of gravity with drifting and stationary components of the geomagnetic jield
Separation of the non-dipole geomagnetic field and its secular variations into their drifting and non-drifting components has been discussed by several investigators (Nagata 1962; Rikitake 1966; Yukutake & Tachinaka 1969) . Let equation (3) A comparison of equation (8) where superscript s indicates the stationary component, and superscript d the drifting component.
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Similarly, let the total geomagnetic secular variation be composed of (i) a westward drifting component @d and (ii) a stationary or non-drifting component ws. Then it can be shown that
In the above equation vnm may be replaced by v, the average velocity of westward drift. The harmonic coefficients for the drifting and non-drifting components of the non-dipole geomagnetic field are given in Table 3 . These are computed from the amplitudes Snm and Dnm obtained by Yukutake 8z Tachinaka (1969) from eleven sets of the geomagnetic harmonic coefficients covering the years 1600 to 1965. The correlation function of the geogravity field with the standing and drifting components of the non-dipole geomagnetic fields is shown in Table 4 . The harmonic coefficients for the drifting and standing components of the geomagnetic secular variation are listed in Table 5 . These are computed from the secular variation models of Leaton et al. (1965) , Cain et al. (1965) and Hurwitz (1970) . The drifting and standing components of the geomagnetic secular variations due to the third and fourth harmonics only are shown in Figs 4 and 5, respectively. Table 6 lists the degree correlations between some selected gravity solutions and the standing and drifting geomagnetic secular variation models given in Table 5 . The nature of this correlation can be seen more clearly by comparing Table 6 Correlation of the geogravity field with the stationary and drifting components o j the geomagnetic secular variations* As noted before, if these gravity harmonics are assumed to lie at the core-mantle boundary, Bullard's (1948) mechanism of westward drift will predict a strong correlation between gravity and the drifting component of the geomagnetic field and its secular variations. The gravity field does have a small positive correlation (Table 4) with the geomagnetic drifting component at frequencies n = 3 to n = 5. For n = 3 and n = 4, a small positive correlation (Table 6 Part B) also exists with the drifting part of the geomagnetic secular variations. If the indicated correlations are indeed causal, no more than 10 per cent of the amplitudes of the third and fourth gravity harmonics can be attributed to mass anomalies in the core. It is interesting to examine the amplitudes of the core-mantle boundary irregularities required on this hypothesis. Let N , denote the size of the undulation, then where i j is mean density of the Earth and Ap = pc-pm, pc being the density at the top of the core and p,,, the density at the bottom of the mantle. Fig. 6 shows the core-mantle boundary undulations computed from this equation on the assumption that 10 per cent of the observed third and fourth gravity harmonics are derived from these irregularities. The spherical harmonic coeffiicents for these irregularities at the core-mantle boundary are listed in Table 7 , Part A. Part B of Table 7 gives the coefficients for the consequent possible geogravity secular variations at the Earth's surface. An average westward drift velocity of 0-2degrees/year is used in the computation of these coefficients. The geogravity isopors resulting from these coefficients are shown in Fig. 7 . The amplitudes of sea-level changes expected on the basis of this model are of the order of a few centimeters per year.
These predicted amplitudes are compared in Table 8 with the sea-level trends computed by Hicks & Shofnos (1965) using a least-squares-fit to a series of tidal data obtained at a few selected places. It can be seen at once that there is only an incidental relationship between the observed and predicted sea-level trends (Khan 1970) . If the observed sea-level change, ho, is the resultant of the change hp, caused by the westward drift of the geogravity field and the change h,, due to the glacial-eustatic and tectonic effects, then h, = h,-h,.
Thus, the observations from the shorelines of tectonically stable areas (11, N 0) will constitute a test of the hypothesis of westward drift. The implications of the above relationships, if they exist, in terms of the viscosity of the upper mantle will be important.
This discussion has, of course, implicitly assumed that the continental areas will be rigid to the stresses caused by the drift. If, by some unlikely mechanism, the continents also respond instantaneously to these stresses, the sea level will remain fixed relative to the land, and any evidence of westward drift, even if it exists, would be wiped out. However, the response of the land masses must occur by a viscous response of the asthenosphere, the nature of which may be considered similar to isostatic adjustment (Heiskenan & Vening Meinesz 1958; Magnitsky 1967; Artyushkov 1967; Crittenden 1967; Artemyev 1967) . The gravity disturbances caused by the assumed westward drift of the third and fourth gravity harmonics have a characteristic dimension of 50 to 60 degrees. For a typical value of the relaxation time associated with such a disturbance (for a detailed discussion, see Khan 1970 ), I assume a relaxation time of lo4 years. Complete disappearance of the 'drift anomaly' must take longer than lo4 years. But the characteristic ' drift period ' of the ' drift anomaly' is only about 150 to 200 years. Hence, the tidal records must contain a definite evidence of the westward drift i f it occurs. The fact that they do not must be attributed to the absence of the phenomenon provided the tidal data are reliable.
On the other hand, the hydrodynamical considerations discussed by Hide (1966 Hide ( , 1967 predict a correlation between the geogravity field and the standing part of the geomagnetic field. The data in Table 4 , however, do not support this contention, though, as seen from Table 6 , there is some correlation with the standing part of the secular variation at n = 3. Hide & Malin's (1970) It is clear that RN for the drifting non-dipole field does indeed have an extremum for X = 160-165" but the most pronounced extremum for the secular variations ( Fig.  8(b) ) is of opposite sign at X = 120". Of course, there is also another extremum at X = 200" which is of the same sign as that for the non-dipole field but is relatively more subdued.
In addition, there is the question of finding a reasonable mechanism to support core-mantle boundary irregularities (Coode & Runcorn 1965) . Hide (1966 Hide ( , 1967 has indicated that horizontal motions in the lower mantle may generate viscous stresses of the required magnitude, but recently, there has been considerable question as to the possibility of convection in the lower mantle (see, for example, Press 1969; McKenzie 1967).
Thus, all alternatives considered, there is no consistent evidence to support the hypothesis that the low-degree gravity harmonics are associated primarily with mass anomalies at the core-mantle boundary (for additional discussion, see Khan 1970) . Even if such mass anomalies do exist, their effect on the Earth's surface will most likely be distorted by the effect of the lateral heterogeneities of the mantle.
Mantle
Various lines of geological and geophysical evidence suggest that relative motions of the order of 3 x lo-' cm s-l occur in the upper parts of the Earth's mantle. Several investigators have suggested that these relative motions are part of a larger convection currents system which scans the entire thickness of the mantle (see, for example, Wilson 1963; Runcorn 1966 Runcorn , 1967 . The density differences caused by this convective motion pattern are frequently suggested as the sources for the observed pattern of the satellite-determined anomalous gravity field. The inverse correlation between gravity and heat flow (Lee & MacDonald 1963 ) is usually cited in support of this suggestion but the existence of such a correlation has been questioned by several investigators (Scheffer 1966; Strange & Khan 1965) . Runcorn (1967) has shown that in the stress pattern computed from the satellite-determined field, the areas of convergent flow match remarkably well with the Tertiary mountains, deep-sea trenches, and deep-focus earthquakes. However, the match between mid-ocean ridges and zones of divergent flow is rather poor. The establishment of mantle-wide convection cells has been widely debated in literature (Vening Meinesz 1962; Knopoff 1964 Knopoff , 1967 Bott 1967 ; for discussion, see Khan 1970) . Beloussov (1967) and Girdler (1967) cite geological evidence such as the characteristics of world rift system and the distribution of anteclises and syneclises to ascertain that mantle convection, if it does exist in any form, will most likely be confined to the upper mantle. Tozer (1967) has indicated that, in spite of the non-linearity of the convection equations, it is possible to set up realistic convection models for the upper mantle. Recently, Press (1968 , on testing a number of earth models generated by the Monte Carlo method against the available geophysical information, indicated that the mean atomic weight in the mantle changes from 22-23 at the top of the lower mantle to 20-22 at the bottom of the mantle. The shock wave data (Ahrens, Anderson & Ringwood 1969) give scanty but corroborative evidence. Although the smaller density gradient may also be produced by superadiabatic temperature gradients, the augmented shear velocity gradient does not favour this assumption. All this is interpreted to imply a depletion of iron with depth. In addition, the computations of the mantle viscosity based on a multilayered model (Anderson & OConnell 1967; Takeuchi & Hasegawa 1965; Crittenden 1967; Press 1969) favour the idea that a low-viscosity layer (= lo2' poises) of variable thickness overlies a homogeneous sphere of high viscosity of about poises. Such a high viscosity would prevent the occurrence of convection in the lower mantle. To sum up, there is general agreement that relative horizontal motions occur in the upper mantle. There is no agreement as to the vertical extent of these motions but the available evidence favours the hypothesis that these motions are confined to the upper mantle.
Upper mantle-asthenosphere
Isacks et al. (1968) have suggested a 'new global tectonics' concept which is supported by the available seismological data. It is now generally believed that the zones of deep seismic activity are usually associated with the front parts of sinking lithosphere slabs. These sinking slabs displace the asthenosphere which finally upwells under the ocean-ridge system. Ringwood (1969) has also suggested a similar pattern of relative motions for the asthenosphere primarily from mineralogical considerations. Recently, Moberly & Khan (1969) have suggested that, in the areas of trenches and deep-focus earthquakes, the cool lithosphere sinks spontaneously. The reasons for this initial subsidence are not clear but gravitational instability may play an important role. The mantle material displaced by the subsiding lithosphere will be warm and less dense. It will flow plastically out towards the ridges. When the flow encounters a site of no crustal strength, the basalt magmas would separate from the mantle and would leave behind the more refractory and dense phases which become the ' filled-in ' asthenosphere. This flow will not resemble exactly the typical convection current cells or the movement of the great blocks of the lithosphere (see, for example, Morgan 1968; Le Pichon 1968), i.e. there will be no rigid units and the flow need not return directly opposite to the direction of movement of the surface blocks above it. The flow at any point will be sharply controlled by the geometry of the ridges and trenches at the surface. For example, if a continent has a mid-ocean ridge on either side of it, it will remain relatively immobile and the ridges will migrate away from it. Continents on the far side of the ridges will drift from the relatively immobile continent at twice the apparent palaeomagnetic spreading-rate. Africa has the Mid-Atlantic ridge on its west and the Mid-Indian ridge on its east. Hence, both ridges should move away from it. Fig. 9 is an equatorial cross-section of the crust and upper mantle showing schematically the relative motion patterns for several typical situations. Note that the Mid-Atlantic and Mid-Indian ocean ridges are shown to be moving away from Africa. Note also that the asthenosphere on one side of a moving ridge is filled in from the opposite side of the ridge and finally becomes immobile relative to the overlying lithosphere and underlying mesosphere. A definite prediction of the foregoing theory is that the areas of young folded mountains, of ocean trenches, and of ' filled-in ' asthenosphere should show positive gravity associations while the warmer and consequently less-dense mobile areas of the asthenosphere should be associated with negative gravity anomalies. Fig. 10 shows the satellite-determined gravity field computed with reference to the equilibrium figure of the Earth (Khan 1969 ) superimposed on a tenatative pattern of relative motions in the asthenosphere (Moberly & Khan 1969). The two chains of the positive gravity anomalies are the zones of deep-focus earthquakes around the Pacific and the region of movement in the asthenosphere centred under Africa. The only other positive gravity anomaly over the Line Islands may be a remnant of a former tectonic pattern. .The negative anomalies lie in a band with one edge against the Pan-African section and the other against the circum-Pacific section and in a ring consisting of small anomalies which partly surrounds the Line Islands anomaly. These are the areas where the asthenosphere is assumed to be in motion as shown in Fig. 10 . In a laterally heterogeneous asthenosphere, lateral variations of temperature would cause lateral density differences. To produce the observed gravity harmonics of third and fourth degree, spherical shells with thicknesses of 10 km, 100 km and 1OOOkm must have density contrasts of about lO-'g~rn-~, 10-3gcm-3, and g ~m -~, respectively. To generate these density differences, the lateral temperature anomalies in the upper mantle would be considerably less than 10' "C, provided the Fe : Mg ratio in the mantle olivine is treated independent of temperature and keptfixed at 1 : 9. If by some mechanism, the temperature fluctuations are associated with the variation of Fey in the sense that the Fe-content increases with temperature, the thermal anomalies required to produce the density differences in question would have to be about five to six times greater. Thus, the amplitude of the gravity anomalies can provide independent evidence on the nature and degree of variation of Fe with temperature, if any, provided some reliable estimates of lateral temperature variations in the upper mantle are available. Do temperature anomalies of this magnitude exist in the upper mantle? Fujisawa (1968) has given the estimated temperature distributions characteristic of different parts of the upper mantle based on the mineralogical behaviour of a typical mantle material. These estimates are valid for an upper mantle composed of olivine-rich peridotites with a Fe : Mg ratio of 1 : 9 in the mantle olivine. It is seen (Fig. 11) that the upper mantle can be divided into two parts: ' hot upper mantle ' and ' normal upper mantle '. Each part has a distinct temperature distribution associated with it. Curve 1 in Fig. 1 1 is characteristic of the normal upper mantle, while curve 2 indicates temperature distribution in the hotter parts of the upper mantle showing thereby that lateral temperature anomalies of considerably amplitude can exist in upper parts of the upper mantle. For a mantle with a substantially greater content of pyroxene and garnet, such as the pyrolite model suggested by Green & Ringwood (1963 , the temperature distributions will obviously be somewhat different but the basic conclusion that upper mantle can have different horizontal thermal regimes does not seem to change.
Over limited ranges of temperature the electrical conductivity Q varies as
where a . is a constant proportional to the number of ion pairs per cubic centimetre, A is a constant depending upon the excitation energy and the Boltzmann's constant and T is the absolute temperature. This relationship is amply supported by experimental evidence. Fig. 12 shows the temperature dependence of the electrical conductivity of olivine (Hamilton 1965) . If the main constituent of the mantle is assumed to be olivine-rich periodotites, the electrical conductivity of the upper mantle material is effectively represented by that of olivine having an appropriate Fe : Mg ratio. The conclusions stated in the following lines will still be valid if more pyroxene and garnet are introduced in the mantle as the electrical conductivity will still be a function of temperature. It can be seen from Fig. 12 that at temperatures assumed to prevail in the asthenosphere, lateral thermal changes of the order of a hundred degrees or so would produce changes of over an order in magnitude in the electrical conductivity. Fig. 13 (Fujisawa 1968) shows the conductivity distributions resulting from some of the temperature distributions shown in Fig. 1 1. Curves 1 and 2 give the conductivity distributions corresponding to the temperature distributions given by Curve 1 and 2 of Fig. 11 , respectively. In deriving these distributions, the Fe : Mg ratio of olivine is kept fixed at 1 : 9. If the Fe-content of olivine is increased to 15 per cent, the electrical conductivity resulting from Curve 2 of Fig. 11 is represented by Curve 4 in Fig. 13 . Thus, if in the upper most parts of the hot upper mantle, in which the temperature distribution is represented by Curve 2 of Fig. 11 , the Fe : Mg ratio in the mantle olivine is assumed at 1.5 : 8-5 while, in the normal upper mantle represented by Curve 1 of Fig. 11 , the ratio is kept fixed at 1 : 9, lateral electrical conductivity anomalies of well over two orders of magnitude are permitted by the thermal anomalies shown in Fig. 1 1. In this case, in the hotter areas the conductivity increase due to temperature is further augmented by the greater Fe-content in those areas while the colder areas are less conductive both because of their lower temperatures and lower iron content. However, it must be noted that the changes in the Fe-content of the mantle olivine are not essential to achieve lateral electrical conductivity inhomogeneities in the upper mantle. The net result, in any case, is a shell of variable electrical conductivity superimposed on a presumably uniformly conducting mantle. The changing fields in the core induce stronger currents in the more conductive areas and their associated magnetic fields oppose the propagation of the disturbance through these areas. Hence, the electromagnetic attenuation of the geomagnetic secular variations over more conductive areas is greater than normal. Consequently, over the hotter areas which are less dense and more conductive, the gravity lows are associated with geomagnetic isoporic lows. The reverse is true for colder areas over which the gravity highs are associated with the geomagnetic isoporic highs. The amplitude of the correlation between the geoid and the secular variations of the vertical component Z is greater than the amplitude of the correlation of gravity with either the drifting or the non-drifting component of Z (unless the drifting component is rotated). This, coupled with the fact that the correlations predicted on the basis of anomalous mass distribution at the core-mantle boundary are not all evident, is interpreted to mean that the heterogeneities of the upper mantle are mainly responsible in shaping the observed correlations, as the electrical conductivity anomalies will affect the net field and its secular variations, rather than their drifting or nondrifting parts, unlike the core-mantle boundary heterogeneities. The effect of the core-mantle boundary irregularities, if they exist, will most likely be masked by the effect of the heterogeneities of the mantle. As pointed out earlier, the areas of mobile asthenosphere are supposed to be relatively warmer. According to this hypothesis then, they must show an association with both the gravity and geomagnetic isoporic lows. Fig. 14 shows the main patterns of the geoidal anomalies (Fig. 1 ) and the geomagnetic secular variations (Fig. 2) superimposed on a tentative pattern of the mobile asthenosphere and a map of the anomalous gravity field (Fig. 10) . The match of the geoidal lows and the geomagnetic isoporic lows with areas of mobile asthenosphere and of the geoidal highs and the geomagnetic isoporic highs with areas of young folded mountains, deep-sea trenches, deep-focus earthquakes as well as the proposed areas of ' filled-in ' and ' immobile ' asthenosphere is indeed remarkable. The comparison, in fact, is all the more striking when due consideration is given to such factors as different ranges of frequencies used to represent the various quantities compared and the distortion of polar regions due to the nature of the projection used in the figure.
There are several questions which still must be answered: Why is the correlation evident only in the low-degree harmonics? Is the decay time of the electromagnetic attenuation compatible with the drift period of a single anomalous feature of the non-dipole field? What will be the effect on the high degree variations of the geomagnetic field if the low-degree electrical conductivity anomalies of the amplitudes considered above are introduced in the upper mantle? Investigation of these problems is in order for more definite answers.
Conclusions
1. The correlations between the geogravity and geomagnetic non-dipole and secular variation fields as well as their drifting and non-drifting parts do not give any consistent evidence that the low-degree gravity harmonics are generated by the mass anomalies at the core-mantle boundary. If such mass anomalies do exist indeed, their effect will most likely be masked by the effects of the inhomogeneities of the mantle. Any definitive evidence regarding the ' topography ' of the core-mantle boundary, however, will have to come from seismic data which do not have the required precision at present.
2. The westward drift of the gravity field is not supported by the tidal data examined here.
3. The strong correlation of the geogravity field with the geomagnetic secular variations (at n = 3 and 4) coupled with its relatively weak correlation with the drifting and the non-drifting parts of the secular variations field, as well as estimates of lateral thermal anomalies and the consequent electrical conductivity and density anomalies in the asthenosphere favour the upper mantle as a major candidate for the sources of the observed gravity anomalies and their relationships with the geomagnetic field. This is further supported by a remarkable similarity between the recently proposed pattern of relative motions in the asthenosphere and the patterns of geoidal anomalies and geomagnetic isopors. This gives vital support to the role of asthenosphere in the tectonic model which explains continental drift as a result of sea-floor spreading.
4.
If the gravity anomalies are caused merely by the thermal variations, the temperature anomalies in the upper mantle need be considerably less than 102"C. If the temperature variations are larger, some sort of balancing mechanism must exist to offset a part of the density variation caused by the temperature variations, in order to bring the resultant gravity anomalies to their observed amplitudes. One such offsetting mechanism could be the anomalous mass distribution at the coremantle boundary. Another, and perhaps more probable, is suggested to be the increase in the Fe-content of olivine with temperature. This conclusion may have to be modified when more definitive evidence on the magnitude of the upper mantle temperature anomalies becomes available.
